In response to many environmental and pathophysiologic stressful stimuli, cells undergo a stress response characterized by induction of a variety of proteins, including the heat shock protein family. The inducible heat shock protein 70 (hsp70) is believed to participate in an array of cellular activities, including cytoprotection. Normal brain cells have little detectable hsp70 RNA or protein. However, following a stressful condition hsp70 mRNA and protein are induced in different cell types depending on the severity and the nature of the stimulus. The induction of hsp70 protein correlates with the regional and cellular vulnerability to a particular injury as identified by standard histologic methods. The pattern of hsp70 expression differs in response to various neurotoxic stimuli, including hyperthermia, ischemia, seizures, hemorrhage, and N -methyl-D-aspartate receptor antagonist administration. Hsp70 expression is a useful marker of cellular injury and may help to identify previously unrecognized areas of vulnerability in the nervous system after a neurotoxic stimulus. Hsp70 may also play a neuroprotective role in the brain.
INTRODUCTION
Multiple approaches, including anatomic, behavioral, physiologic, and biochemical methods, are available for the assessment of the nervous system, perhaps the most complex system in mammalian species. Each of these approaches has been used for the evaluation of nervous system integrity. However, the search is still on for biologic markers that can be used for early and sensitive detection of neurotoxicity. Biochemical and molecular events underlying the neurotoxic effects of an insult can provide clues to the mechanism of action of toxicant stimulus and may serve as markers for early neurotoxicity detection. Many physiologic stimuli and neurotoxicants alter gene expression in the nervous system. Recent advances in molecular biology have made it possible to monitor changes in expression of gene products, which are present at relatively low concentrations under normal circumstances, and thus can be used as markers for determining the selective vulnerability of a particular neural population to a toxic stimulus. Ideally, the marker should be able to detect neuronal injury regardless of neuronal type or nature of insult. In addition, the marker should give a high signal against low background and should be technically convenient. Such candidate markers include proto-oncogenes such as c-fos and stress proteins such as heat shock protein (hsp) 70 that are induced by a variety of injurious stimuli in the brain. Although these markers cannot definitely indicate dying or dead neurons, they do serve as excellent markers of neuroanatomic regions of acute cellular activation following a potential neurotoxic stimulus.
Harmful changes in the cellular milieu, including calcium influx, free radical generation, pH fluctuations, and depletion of energy stores, can suppress or induce the expression of neuronal genes and can influence neuronal protein synthesis. Overall, neuronal protein synthesis is greatly depressed following an injurious or toxic stimulus. However, expression of a few neuronal proteins appears to be enhanced following injury and may have a role in protecting and repairing vital cellular machinery or in various degradative processes. The profile and time course of altered gene expression may vary depending upon the nature of insult and the neuron type involved.
Despite these uncertainties, the ability to monitor changes in neuronal gene expression is a useful tool in neurotoxicology. Neuronal damage also triggers marked reactive changes in nonneuronal cells such as glia, inducing changes in expression of genes specifically found in these cell types such as glial fibrillary acidic protein in astrocytes. Thus, changes in glial gene products and neuronal gene products are monitored frequently. STRESS 
RESPONSE
Following a disturbance in cellular homeostasis, the expression of a specific set of proteins, the stress proteins, is increased, and the coordinated sequence of events resulting in this response is the stress response. The term stress proteins primarily refers to members of the hsp family. Because the expression of certain members of this protein family is greatly enhanced following a variety of stressful stimuli, they appear to be an excellent candidate as markers of neurotoxicity. Hsps are ubiquitous proteins found in all living organisms studied to date and are so named because of their rapid induction during periods of sudden heat stress. These proteins were originally discovered in fruit flies (Drosophila) exposed to high temperatures (52) . The hsp family appears to be highly con-served across species, including yeast, bacteria, plants, and mammals. In addition to heat shock, a variety of other stimuli, including ischemia/reperfusion, seizures, heavy metals, alcohol, hormones, amino acid analogs, and abnormal proteins, also increase the expression of hsps (21) . Therefore, the response is generally referred to as the stress response and the expressed proteins are stress proteins. This stress response thus represents a widely conserved cellular defense mechanism.
Many different gene products belonging to the stress protein family range in molecular mass from 8 to 150 kDa. They are usually divided into 3 classes: low molecular mass (<35 kDa), middle molecular mass (60-70 kDa), and high molecular mass (>90 kDa). Most of the proteins are named according to their molecular masses, and some of the well-known hsps include ubiquitin, hsp 10, hsp27, hsp32 (or HO-1), hsp47, hsc70, hsp70, hsp90, and hsp 100. These proteins are present in the cytosol, mitochondria, endoplasmic reticulum, and nucleus. Some of these proteins are present in normal cells (constitutive form), and the expression of others is increased following a stressful stimulus (inducible form). Although the functions of many of these proteins are not clear, the constitutive forms are thought to be important in posttranslational processing such as protein folding and transport between organelles and proteolysis and are commonly referred to as molecular chaperones. The inducible forms are thought to have similar functions in stabilizing and refolding partially denatured proteins and promoting the degradation of denatured proteins.
Many stress proteins are present to some extent in normal cells. These proteins play an important role in cellular function and are induced further upon cellular stress.
Major stress proteins studied in mammalian cells include hsp90, which interacts with steroid receptors and is essential for many signal transduction pathways (47) , hsp27, a low-molecular-weight stress protein that plays an important role in actin polymerization (26) , hsp47, a collagen-binding protein (39) , and hsp32 or heme oxygenase, an enzyme responsible for heme degradation (31) . Ubiquitin, which is also upregulated by heat stress, functions in protein degradation and histone regulation (2) . A recent book and several excellent reviews with particular emphasis on the stress response in the brain have provided a comprehensive summary on current research on all aspects of heat shock/stress response (4, 33, 36, 37, 38, 59, 60) . Here, we cite only the data available on the inducible hsp70, the most widely studied member of the hsp70 family. In normal cells, hsp70 is expressed at very low or undetectable levels. However, its expression is markedly increased following a number of stressful stimuli, such as hyperthermia, hypoxia, ischemia, excitotoxins, and a number of drugs and toxins. Therefore, hsp70 is considered a useful and sensitive marker of neuronal injury.
Hsp70 FAMILY
The members of the hsp70 family have been studied widely in many different systems. The constitutive members include hsc70, glucose-regulated protein (grp) 75, and grp78 and are present in normal cells. Their major function is that of molecular chaperones. They bind to newly synthesized proteins to prevent the formation of any abnormal conformation and also translocate proteins to different compartments. Hsp70 (also called hsp72) is the major inducible stress protein, and its expression is increased following exposure of cells to any stressful stimulus that produces denatured proteins. It is hypothesized that denatured proteins in injured cells activate transcription of hsp70 via heat shock factor activation. Increased hsp70 protein in addition to upregulated expression of constitutive members is thought to protect cells from noxious stimuli by binding to denatured proteins and preventing their further denaturation. Moreover, these proteins also facilitate the restoration of function of renatured proteins and transport the irreversibly damaged proteins to degradative organelles.
The rapid transcription of the hsp70 gene is initiated by the activated heat shock transcription factor (HSF). Normally, HSF is bound to other cytoplasmic proteins, which prevent its binding to DNA. Upon cellular injury and presence of denatured proteins, HSF gets phosphorylated, forms a trimer, and translocates to the nucleus to bind to heat shock elements on DNA. This binding initiates hsp70 transcription. There are multiple forms of HSF, which may be differentially expressed and regulated in different cell types.
EFFECTS OF SELECTIVE NEUROTOXIC STIMULI ON HSP70
EXPRESSION Much information has been accumulated on rapid induction of hsp70 in the brain after a variety of stressful and injurious stimuli. In brain, the expression of hsp70 has been demonstrated by visualizing changes in the levels of hsp70 mRNA and protein. At the protein level, availability of antibodies specific for hsp70 has allowed the cellular resolution of stress response. Different types of injuries induce characteristic cellular responses in the mammalian brain with regard to the type of cells that respond by inducing a particular hsp and with regard to the timing of response. In a recent study of hsp70 expression within human cerebral cortex subjected to traumatic brain injury (11) , a large increase in hsp70 mRNA and protein was observed in trauma tissue at 4-6 hours and 12-20 hours after the injury, respectively. Immunocytochemical analyses revealed hsp70 protein in cells with neuronal morphology at 12 hours after injury. Because the temporal induction pattern of hsp70 biosynthesis is similar to that reported in rodents, these observations emphasize the importance of rodent brain injury models for providing useful information directly applicable to human brain injury. Increased hsp70 mRNA was also found in frontal cortex white matter in patients with Alzheimer's disease and other neurodegenerative disorders (19) .
Hyperthermia
As demonstrated in many other systems, hyperthermia also elicits hsp induction in the mammalian brain. Following hyperthermia, hsp70 is induced in many different cell types. Increased diffuse glial expression is observed throughout the fiber tracts in brain and in endothelial cells FIGURE 1.-Global ischemia induces hsp70 protein expression in gerbil brain. Gerbils were subjected to 10 minutes of transient global ischemia by bilateral carotid artery occlusion followed by reperfusion. At 24 hours after ischemia, the brains were processed for hsp70 immunohistochemistry using a monoclonal antibody. The hsp70 protein was induced in a variety of brain regions (arrows). However, the most vulnerable region, the CA I hippocampal area (*), showed only a few hsp70-immunopostive neurons, indicating that most of these cells were destined to die. (6, 10, 28) . In contrast, in situ hybridization studies revealed that neurons with increased hsp70 mRNA synthesis are highly localized to the granule cell layer of dentate gyrus, the paraventricular nucleus of hypothalamus, and the median eminence. Although hsp70 expression in these particular neurons does not indicate their subsequent degeneration, it does indicate an increased activity and their relative sensitivity to heat stress.
Many drugs and agents with neurotoxic potential may cause increases in body temperature and thus increase hsp70 expression. Thus, their effects on hsp70 expression are secondary to their effects on body temperature. One such example is the psychotropic drug lysergic acid diethylamide. It rapidly induces hsp70 in adult and fetal rabbit brain (9, 13) . Amphetamine-induced hyperthermia has also been reported to induce hsp70 in mouse brain (43) . The neurotoxicant 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine primarily affects the nigrostriatal dopaminergic system but also causes an induction of hsp72 protein, an effect suggested to be due to initial hyperthermia produced by the drug (14) . Thus, in interpreting the significance of hsp70 induction following a neurotoxin administration, consideration should be given to the possibility that hsp70 increase may be secondary to hyperthermia.
Cerebral Ischemia
Many different studies have investigated the expression of hsp70 in rodent brain following cerebral ischemia.
Global Ischemia. In animal models, reversible global ischemia causes selective neuronal damage in vulnerable brain regions, including CA1 hippocampus and dorsolateral striatum. The systematic induction and the cellular distribution of hsp70 induction was first reported in brains of gerbils subjected to global ischemia (42, 65) .
The greatest induction was observed in CA3 and dentate gyrus, regions resistant to global ischemic injury. However, little hsp70 was detected in CA 1 pyramidal neurons, which are very susceptible to injury in this model. These CA 1 neurons exhibit a strong upregulation of hsp70 mRNA as revealed by in situ hybridization studies. It was thus suggested that hsp70 protein is primarily induced in neurons that are destined to survive the ischemic injury.
Using a different model of global ischemia in rats (bilateral carotid occlusion along with hypotension) (16, 17, 58) , short duration systemic hypotension (5 minutes) induced hsp70 in either a small group of CA 1 neurons or in all CA and CA4 neurons. Following longer periods of hypotension (10 minutes), hsp immunostaining was observed in CA3 and dentate gyrus neurons, with little immunostaining in CA (Figure 1 ). In a few animals, hsp70 immunoreactivity was limited to endothelial cells. These data are compatible with the known vulnerability of different cell types to ischemic injury in this model. Hsp70 was first detected in CA 1 pyramidal cells, the cell type most sensitive to this type of ischemic insult. The expression was then induced in hilar neurons, followed by CA3 neurons and then dentate gyrus neurons, the cell type highly resistant to injury in global ischemia models. As the severity of ischemia was increased further, hsp70 was induced in glial cells and then in endothelial cells, the cell type most resistant to ischemic damage.
Quite a different pattern of hsp70 induction was observed in the cortex and striatum (58) . Although hsp70 was primarily induced in neurons throughout the distribution of carotids in these areas, it was often induced in discrete patches. These hsp70 patches or islands consisted of hsp70-immunoreactive glia on the perimeter and occasional hsp-positive neurons in the center. It was proposed that hsp70 induction occurred around ischemic vessels; however, the factors that contribute to this unique pattern were not clear.
Focal Ischemia. In contrast to global ischemia, a model of selective vulnerability, focal ischemia models such as middle cerebral artery (MCA) occlusion usually produce infarction. The cellular distribution of hsp70 induction depends upon the reduction in blood flow and the duration of insult. Very brief periods of focal ischemia produced by transient MCA occlusion induced hsp70 primarily in cortical and striatal neurons (22, 23) . Longer periods of MCA occlusion resulted in infarction, where hsp70 was only induced in endothelial cells within the core of the ischemic area. At the edges of infarction or in the penumbra, hsp70 was inconsistently induced in neurons (Figure 2 ). Some glial cells immunoreactive for hsp70 were also found at the perimeters of penumbral regions. Similar results were found when the expression of hsp70 mRNA was studied by in situ hybridization. These results suggest that a mild ischemic injury stimulates both transcription and translation of hsp70, moderate injury might induce only transcription, and both transcription and translation are halted following a severe injury. In a recent study (62) , hsp70 protein induction in hippocampus and cortex mostly occurred in separate neurons from those showing evidence of DNA fragmentation, a widely used marker for cells undergoing apoptosis. Cells positive for hsp72 or DNA fragmentation exist close to each other, which suggests that hsp-stained cells are reversibly injured and are likely to survive the ischemic insult.
Hypoxia ischemia also induced hsp70 immunoreactivity in neonatal rat brain (12) . In 7-day-old neonatal rats subjected to carotid ligation and hypoxia, hsp70 was induced in ipsilateral cortex as early as 1 hour after termination of hypoxia. After 12 hours, neurons in ipsilateral hippocampus and cortex stained intensely for hsp70 following a moderate injury, whereas a severe injury caused bilateral staining. The investigators concluded that hsp70 immunostaining may serve as an early marker for neuronal injury in this-model.
Spinal Cord Injury
By using a monoclonal antibody against hsp70, Gower et al (18) demonstrated the synthesis, accumulation, and redistribution of the 70-kDa stress protein following spi-nal cord injury in rats with thoracic laminectomy. Although the hsp70 synthesis was increased within the first 30 minutes after injury as shown by western blot, no signal was detected in the necrotic core 18-24 hours after injury. Both neurons and glia were immunoreactive for hsp70. These investigators also found hsp70 accumulation in damaged axons within 12 hours, which suggests a local glial cell-to-axon transfer as the potential mechanism. In a model of spinal cord ischemia in rabbits, selective induction of hsp70 mRNA and protein occurred in motor neurons, and 70% of these cells underwent selective delayed neuronal death (53, 54) .
SeizureslExcitotoxicity
Generalized status epilepticus produced by systemic kainic acid injection induced hsp70 protein almost exclusively in neurons in all brain regions known to be susceptible to kainate toxicity (17) . Hsp70 was induced in neurons in hippocampus, various cortical regions, thalamic nuclei, caudate putamen, and olfactory bulb and nuclei but was rarely induced in glia. This finding is consistent with the concept that kainate is a neurotoxin. In addition, injection of kainate into hippocampus induced hsp70 in hippocampal neurons and also within the amygdala. Presumably, activated hippocampal neurons, which project to amygdala, caused overactivation and transsynaptic injury in the amygdala neurons.
Studies from our and other laboratories have shown that the duration of status epilepticus is correlated with the degree of hsp70 induction. No hsp70 was induced in animals subjected to brief sustained electrical activity, whereas increasing the duration of seizures increased the number of hsp70-immunoreactive neurons (30, 64) . Hsp70 is also increased following bicuculline-and fluothyl-induced seizures in susceptible areas (30, 61) .
Microinjection of the excitotoxin N-methyl-D-aspartate (NMDA) into the rat entorhinal cortex induces neurodegeneration in the surrounding tissue. In this model, hsp70 expression preceded neural death and occurred largely in those neurons that subsequently degenerated (66) . Unlike fos protein, which rapidly appears and disappears in neurons surrounding the injection site within 8 hours, hsp70 is increased in a more gradual fashion, peaking 48 hours after the injection. Its induction is a good indicator of eventual cell death. However, some cells on the periphery of the affected area also exhibited strong hsp70 immunoreactivity but did not undergo degeneration.
Subarachnoid Hemorrhage
Most experimental studies have demonstrated little histologic damage following subarachnoid hemorrhage (SAH). In our laboratory, injection of lysed blood into the rat cistema magna induced hsp70 mRNA and protein in cerebellar hemispheres and focal regions of basal forebrain (34, 35) . The immunoreactivity was localized to patches of glial cells and occasional neurons in the forebrain. In the cerebellum, hsp70 immunoreactivity was localized to Bergmann glial cells, granule cells, molecular layer stellate cells, and occasional Purkinje cells. Patches of cells exhibiting DNA fragmentation were also observed in the same regions of basal forebrain where hsp70 was induced. The investigators hypothesized that focal areas of hsp70 induction in forebrain represent ischemic injury due to vasospasm and/or direct toxic effects of lysed blood. Hsp70 induction may serve as a marker of brain injury following SAH and may provide an excellent indicator of the level of protection afforded by different therapeutic strategies that will be tested in experimental SAH models. For example, pretreatment with antioxidants completely blocked the hsp70 induction in focal forebrain regions of rats injected with lysed blood, suggesting a role for free radicals and increased oxidative stress in SAH injury (63) .
NMDA Receptor Antagonists
Olney et al (44) first reported that NMDA receptor antagonists, including phencyclidine and dizocilpine maleate (MK-801), produce abnormal vacuoles in posterior cingulate cortical neurons in rat brain. Many studies from our laboratory (40, 41, 49, (55) (56) (57) have shown that MK-801, phencyclidine, and ketamine induce hsp70 mRNA and protein in posterior cingulate and retrosplenial cortical neurons (Figure 3 ). The induction of hsp70 protein is maximal at 24 hours. These observations provide strong support for the utilization of hsp70 induction as a marker of neuronal stress, because neurons that exhibit reversible damage characterized by abnormal vacuoles also are hsp70 positive following treatment with NMDA receptor antagonists (57) . In addition to cingulate cortex, phencyclidine also induces hsp70 mRNA and protein synthesis in neurons in neocortex, piriform cortex, hippocampus, amygdala, and cerebellum, suggesting a widespread neuronal stress in rat brain. Because Olney et al (44) reported vacuolation only in cingulate neurons whereas hsp70 was induced in widespread brain regions following phencyclidine administration, hsp70 immunoreactivity may help uncover and illustrate previously unrecognized areas of central nervous system vulnerability to an insult. Our laboratory has performed extensive studies to determine the possible mechanisms of action of NMDA antagonist neurotoxicity using hsp70 as a marker (49, 55, 56) , and we have recently observed that anterior thalamus mediates the neurotoxicity of NMDA receptor antagonists found in the retrosplenial cortex of rats (Tomitaka and Sharp, unpublished observations). This finding is very important because NMDA receptor antagonist administration is suggested to be a model of schizophrenia, and increasing evidence points to abnormalities of the thalamus in schizophrenic patients (1, 5) .
NEUROPROTECTIVE EFFECTS OF HSP70
One of the major dilemmas in studies of gene expression revolves around the significance of upregulation following an injurious stimulus. The intriguing question is whether the observed change is part of the injurious outcome or is part of the adaptive repair response to an insult. Many studies have addressed the function of hsp70 expression, especially following ischemia. Brief periods of ischemia, those sufficient to induce increased hsp70 expression in CA neurons but not severe enough to cause their degeneration, protect the CAl neurons from subsequent ischemic episodes, which would otherwise cause CA1 neurodegeneration. This phenomenon is called ischemic tolerance and has been reported by others (7, 15, 20, 24, 29) . By varying the length of the conditioning ischemic episode, some investigators have tried to correlate hsp70 expression with subsequent neuroprotection (25) . Transient hyperthermia also protects against subsequent lethal cellular injury in the brain (3, 8) . Based on these results, it has been argued that prior induction of hsp72 is cytoprotective. However, several other proteins are also induced following hyperthermia and ischemia. Therefore, it is difficult to determine if the neuroprotective effects are directly associated with increased hsp70 expression.
Several investigators have attempted to more directly examine the role of hsp70 in cellular protection following stress. Whereas intracellular injection of an antibody against hsp70 reduced the tolerance of fibroblasts to heat shock (51), cells overexpressing hsp72 exhibited thermoresistance (27) . In a recent in vivo study, administration of an antibody against hsp70 reduced neuronal protection in an ischemia tolerance model in the gerbil (40) . Recent advances in molecular biology have made it possible to selectively increase the expression of hsp70 in brain cells using genetic means, eg, by in vivo gene transfer to neurons with an HSV vector overexpressing the inducible hsp70. Yenari et al (67) showed protection of striatal neurons against focal ischemia and CA3 neurons from kainic acid neurotoxicity. Similarly, several transgenic mice overexpressing hsp70 are now available and have shown resistance to myocardial ischemic injury (32, 46, 48) . Using I of these strains, we have shown that compared with nontransgenic littermates, hsp70 transgenic mice are significantly more resistant to injury produced by permanent focal ischemia (50) . However, some other investigators have reported either partial or no protection in other strains of mice overexpressing hsp70 (45, 68) .
These differences in results may be attributable to different background of mice strains or amount of hsp70 overexpression and are currently being investigated.
CONCLUSIONS
The induction of the hsp70 gene is clearly related to stress. Neurons subjected to severe insult (such as those in the core of infarction following focal ischemia) show no hsp70 mRNA or protein expression, whereas neurons subjected to a moderately severe insult (eg, CA1 neurons following global ischemia) show increased transcription but no translation of hsp70. In contrast, neurons that are stressed but do not degenerate show a robust increase in both hsp70 mRNA and hsp70 protein. These results are consistent with the hierarchy of cell vulnerability to ischemia, suggesting that the cells expressing hsp70 protein are injured but surviving. Although hsp70 gene expression does not provide presumptive evidence of subsequent neural survival or degeneration, it does serve as a useful marker of neuronal stress, as indicated by several observations: (a) hsp70 is induced by a variety of stressful stimuli in many different cell types, (b) hsp70-immunopositive neurons are easily identified under neurotoxic conditions because there is no basal expression of hsp70 in normal brain, (c) in some systems hsp70 induction is proportional to the degree of stress and can thus be used as an index of severity of injury, and (d) hsp70 detects injury as early as 1 hour (mRNA) and 8-12 hours (protein) after injury whereas other histologica methods may not detect cellular injury for days.
